Cardiac hypertrophy and associated myocardial remodeling is one of the main complications of hypertension resulting in the development of heart failure. It is of great significance to explore novel treatments to reverse cardiac hypertrophy in hypertensives with or without affecting blood pressure. In the present study, we investigated whether low-dose resveratrol alone or in a combination with a blood pressure-lowering agent can reverse hypertension-induced cardiovascular dysfunction. Twenty-week-old male spontaneously hypertensive rats (SHRs) and Wistar-Kyoto rats were treated with resveratrol (2.5 mg kg À1 per day) and/or hydralazine (25 mg kg À1 per day) for 8 weeks. Blood pressure, cardiac structure and function, and electrocardiogram measurements were examined. Pressure myography of resistance arteries, histological examinations of heart tissues, oxidative stress and inflammatory measurements were also preformed to assess the efficacy of the treatment. Although resveratrol treatment alone was ineffective in reducing systolic blood pressure, diastolic blood pressure, diastolic dysfunction and vascular remodeling, it significantly prevented the systolic impairment and reduced myocardial fibrosis, and reduced oxidative stress and inflammation in hypertensive rats. Furthermore, a combination of resveratrol with hydralazine treatment significantly reduced blood pressure, improved systolic and diastolic function, decreased fibrosis and improved vascular geometry. In summary, low-dose resveratrol itself was unable to reduce systolic blood pressure, diastolic blood pressure, diastolic dysfunction and vascular remodeling. However, resveratrol alone alleviated cardiac fibrosis and some of the functional abnormalities in SHRs. And a combination of resveratrol with hydralazine was more effective than resveratrol or hydralazine alone in improving overall cardiovascular parameters.
INTRODUCTION
Despite advances in the management and treatment of high blood pressure, cardiovascular complications and associated mortality due to hypertension continue to be on the rise. 1 Cardiac hypertrophy is one of the main complications of hypertension, which results in the development of heart failure. 2 Considering the fact that lowering of the hemodynamic load (blood pressure) is an important factor, but not the sole factor, for the treatment of cardiac hypertrophy, 3 it is important to explore the potential of novel treatments which can regress cardiac hypertrophy in hypertensives with or without affecting blood pressure.
Resveratrol, a polyphenol found predominantly in grapes, has been reported to render strong cardioprotection against various diseases such as obesity, diabetes, hypertension and ischemic heart disease. [4] [5] [6] We 7-9 and others [10] [11] [12] [13] have earlier reported that resveratrol was beneficial in preventing cardiac hypertrophy and contractile dysfunction in different models of hypertension. Furthermore, the cardioprotective effect of low dose of resveratrol (close to dietary levels) was reported to be independent of blood pressure-lowering effect, suggesting that resveratrol might act directly on the myocardial tissues. This notion was consistent with our recent study demonstrating the effectiveness of resveratrol in preventing the development of hypertrophy in adult rat cardiomyocytes. 14 Although, previous studies have examined the potential of resveratrol in preventing cardiac hypertrophy and associated functional abnormalities in different animal models of hypertension, no study has been performed to determine whether resveratrol alone or in a combination with a blood pressure-lowering agent is beneficial in reversing hypertension-induced cardiac hypertrophy and contractile dysfunction. Accordingly, in this study we demonstrate the effectiveness of resveratrol alone or in combination with hydralazine, a blood pressure-lowering agent in a well-established hypertension model, the spontaneously hypertensive rat (SHR).
MATERIALS AND METHODS
The experimental protocols used in this project were approved by the University of Manitoba Animal Care Committee and are in agreement with the Canadian Council on Animal Care and Use of Experimental Animals.
Animal model
Twenty-week-old male SHRs and their controls Wistar-Kyoto (WKY) rats obtained from Charles River, St Constant, Quebec, Canada, were used in this study. Animals were acclimatized for 1 week and maintained in temperature and humidity-controlled rooms with a 12-h dark and 12-h light period cycle.
Treatment and examinations
Twenty-week-old SHRs and WKY rats were treated with resveratrol and/or hydralazine for 8 weeks. Both resveratrol and hydralazine (Sigma-Aldrich, Oakville, ON, Canada) dissolved in 50% ethanol (vehicle) were administered daily by oral gavage (1 ml per rat) at a dosage of 2.5 mg kg À1 body weight (an effective concentration taken from our previous studies) 8, 9 and 25 mg kg À1 body weight, 15 respectively. Control groups received 1 ml of 50% ethanol daily by oral gavage. The study was terminated at the end of 8 weeks of treatment. Hereafter, 20 weeks of age correspond to 0 week of treatment, and 28 weeks of age correspond to 8 weeks of treatment.
Blood pressure measurements
Blood pressure measurement was carried out on all groups of animals at 0 and 8 weeks of treatment, as described previously. 16 A CODA multichannel, computerized noninvasive blood pressure system (Kent Scientific, Torrington, CT, USA) with a tail-cuff sphygmomanometer was used to measure systolic blood pressure and an approximate diastolic blood pressure on conscious rats. Briefly, during each measurement cycle, blood will be pushed away from the tail by the volume pressure recording cuff. The occlusion cuff will stop back flow of the blood into the tail. Afterwards, when the occlusion cuff deflates, it will let the blood flow back into the tail and thereby increase the tail volume. The pressure exerted by occlusion cuff during this increase in tail volume is measured as systolic blood pressure, whereas occlusion cuff pressure during the deflation at which the blood flow into and out of the tail equalizes is defined as diastolic blood pressure. 17 
Echocardiography
Cardiac structure and function were measured in all groups of animals using echocardiography technique at 0 and 8 weeks of treatment; transthoracic twodimensionally guided M-mode and Pulse-Wave Doppler measurements were performed using a Sonos 5500 ultrasound system (Agilent Technologies, Andover, MA, USA) equipped with a 12-MHz (s12) transducer as described by us earlier. 7, 9, 18 Two-dimensional M-mode measurements include percentage of left ventricular fractional shortening, left ventricular ejection fraction, cardiac output, left ventricular mass, interventricular septal wall thickness at diastole and systole, left ventricular posterior wall thickness at diastole and systole and left ventricular internal dimensions at diastole and systole. Doppler measurements included isovolumetric relaxation time. Animals were anaesthetized while performing echocardiography.
Electrocardiogram measurements
Electrocardiogram (ECG) recordings were taken at 0 and 8 weeks of treatment on lightly anesthetized rats using a BioPac MP100 system. The ECG signal was analyzed using Acqknowledge 3.7.3 software (Biopac Systems, BIOPAC Inc., Goleta, CA, USA).
Pressure myography measurements:
Small Arteries. Rats were sacrificed at 28 weeks of age, and the mesenteric vasculature was isolated. The use of mesenteric arteries was predicated on consideration that (a) mesenteric arteries remodel in human hypertensives; 19 (b) a large percentage of cardiac output flows through the mesenteric circulation, and therefore it contributes to peripheral resistance; and (3) though coronary, renal, femoral and mesenteric resistance arteries remodel and respond to treatment similarly in rat models of hypertension, 20 minimal branching in mesenteric small arteries renders them suitable for study by pressure myography. A segment of the mesenteric artery was mounted in a pressure myograph (Living Systems Instrumentation, Burlington, VT, USA) such that vessel walls were parallel without stretch. 21 To ensure unbiased sampling consistency, all segments were from arterial branches of the third order. Vessels were equilibrated for 1 h at 37 1C at 45 mm Hg 21 with aerated Krebs solution (pH B7.4). Vessels were considered viable if KCl (125 mmol l À1 ) elicited 450% constriction.
Vascular mechanics. Vessels were deactivated with Ca 2 þ -free Krebs solution containing 10 mmol l À1 EGTA. To obtain pressure-lumen diameter relationships, intraluminal pressure was increased incrementally from 3 to 140 mm Hg (10 increments). 22 Lumen and media dimensions were measured at three points along the length of the vessel for each pressure Vascular geometry. Lumen and media dimensions were measured at a constant intraluminal pressure of 45 mm Hg. 21 Formulas. Media stress, which reflects wall tension in the vessel wall, is calculated as s ¼ (PD)/(2WT), where P is the intraluminal pressure, and D and WT are the lumen diameter and media thickness, respectively. Pressure is converted as 1 mm Hg ¼ 1.334 Â 10 3 dyn cm À1 . 2 Media strain, which reflects pressure-induced relative change in lumen diameter, is calculated as
where D is the observed lumen diameter for a given intraluminal pressure and D o is the baseline diameter measured at 3 mm Hg.
Elastic modulus (ET) describes the intrinsic elastic properties of the wall material. It is obtained by fitting the stress-strain data from each vessel to an exponential curve (y ¼ ae bx ): s ¼ s o e be where s o is the stress at the baseline diameter and b is a constant related to the rate of increase of the stress-strain curve. Tangential ET is calculated at several values of stress from the derivative of the exponential curve: ET ¼ ds/de ¼ bs o e be . Intrinsic stiffness of wall components is represented as the slope of the ET vs. stress curve.
Tissue collection. At the end of the study (28 weeks of age), all rats were sacrificed; the heart tissues and other organs were isolated and flash frozen in liquid nitrogen.
Histology:. Ventricular tissue was embedded in paraffin. Paraffin-embedded tissue was cut into 7-mm sections on a Microm HM 550 cryostat (Thermo Fisher Scientific Inc., Kalamazoo, MI, USA). The levels of collagen deposition were determined by Masson trichrome staining. Photographs were taken using a Zeiss LSM 5 Pascal microscope (Carl Zeiss MicroImaging, Thornwood, NY, USA).
Oxidative stress measurement
Lipid peroxidation levels in blood plasma, collected at the time of sacrifice, were measured by estimating the amount of malondialdehyde using the Oxiselect TBARS Assay Kit (Cell Biolabs, San Diego, CA, USA) as described by us earlier 8, 9 by following the manufacturer's instructions. Thiobarbituric acid reactive substance (TBARS) values were expressed as nmol ml À1 of plasma.
Inflammatory marker measurements
Serum samples collected at the time of sacrifice were used for biochemical analysis. ELISA kits (Thermo Scientific, IL, USA, USA) were used to measure the serum interleukin-6 and tumor necrosis factor alpha (TNF-a) levels. The assays were performed as described earlier 23 by following the manufacturer's instructions.
Nitrate þ nitrite measurements
were measured in the blood plasma from all the treatment groups using the Nitrate/Nitrite Colorimetric Assay kit from the Cayman Chemical (Ann Arbor, MI, USA) according to the manufacturer's protocol. Before assay, all the samples were thawed and filtered through Amicon 10 kDa molecular-weight cut-off filter (Millipore Corporation, Effect of resveratrol/hydralazine on SHR SJ Thandapilly et al Bedford, MA, USA). The readings were taken in a 96-well plate at a wavelength of 540 nm. A NO 2 À standard curve was prepared in each plate to determine total NO 3 À /NO 2 À (mmol).
Statistics
Results are presented as means±s.e.m. All the data except pressure myography were analyzed by one-way analysis of variance (ANOVA). Significant values are defined as Po0.05. When significance was obtained, ANOVA was followed by Tukey's post hoc test. Pressure myography data were analyzed by one-way or two-way ANOVA for repeated measures, followed as appropriate by StudentNewman-Keuls or Bonferroni post tests to detect between-group differences. Po0.05 was considered significant.
RESULTS

General characteristics of the animal model
All rats had almost similar increase in the body weight throughout the course of the study. Resveratrol treatment had no effect on the body weight of the animals. However, heart to body weight ratio was significantly higher in 28-week-old SHRs when compared with WKY control rats. The treatment with hydralazine alone or in combination with resveratrol significantly regressed the increase in heart to body weight ratio in SHR. However, we did not observe any reduction in heart to body weight ratio with 8 weeks of resveratrol treatment alone (Table 1 ).
Blood pressure Twenty-week-old SHRs had significantly elevated blood pressure compared with normotensive WKY rats before the treatment started (Supplementary Table 1 ). Treatment with hydralazine, but not resveratrol, significantly reduced the elevated blood pressure (systolic as well as diastolic) in SHR when compared with untreated group (Table 1) . Moreover, hydralazine in conjunction with resveratrol further significantly reduced the systolic blood pressure and diastolic blood pressure in SHR when compared with untreated or hydralazinetreated SHR (Table 1) . Please note that volume pressure recording tail-cuff blood pressure system cannot exactly measure the diastolic blood pressure values, unlike systolic blood pressure, because volume pressure recording measurements of diastolic blood pressure have shown consistent variation from the respective telemetry measurements in the validation studies. 17 Accordingly, the diastolic blood pressure reported in the present study might not be accurate when compared with telemetry.
Cardiac structure M-mode echocardiography showed significant increases in interventricular septal wall thickness at diastole and left ventricular posterior wall thickness at diastole in 20-week-old SHRs when compared with age-matched controls before the treatment (Supplementary Table 1) . However, hydralazine, but not resveratrol, significantly reduced the increase in interventricular septal wall thickness at diastole and left ventricular posterior wall thickness at diastole in 28-week SHR when compared with untreated group (Table 1) . Combination treatment of hydralazine with resveratrol also significantly reduced this increase in SHR (Table 1) . SHRs did not exhibit any change in LV internal dimension when compared with WKY controls at 28-week time point (Table 1) .
Cardiac function A significant prolongation in the diastolic functional parameter, isovolumetric relaxation time, was observed in 20-week SHRs before the treatment in comparison with their respective WKY controls (Supplementary Table 1) ; and also at 28 weeks of age (Table 2) . Hydralazine alone, but not resveratrol, moderately but significantly improved the prolonged isovolumetric relaxation time in SHRs (Table 2 ). Combination treatment of hydralazine with resveratrol normalized isovolumetric relaxation time in 28-week-old SHRs (Table 2 ). There was no significant reduction in the systolic functional parameter, fractional shortening in 20-week-old SHR before the treatment (Supplementary Table 1 ); however at 28 weeks, we observed a significant reduction in fractional shortening in untreated SHR compared with normotensive WKY rats ( Table 2 ). Both resveratrol alone as well as hydralazine alone significantly prevented the drop in fractional shortening in SHR (Table 2) ; resveratrol in combination with hydralazine was significantly more effective than hydralazine alone in preventing the decrease in fractional shortening (Table 2) . Cardiac output was unchanged in all groups at the end of the study (Table 2) .
ECG measurements
The ECG recordings did not show any abnormalities in the QT interval in any of the groups at any time points of the study (Table 2) .
Pressure myography of resistance arteries Media-to-lumen ratios were greater in SHR vessels compared with WKY rat (Table 3 ; Po0.01). Resveratrol alone had no effect on vascular geometry. However, hydralazine (whether alone or combined Effect of resveratrol/hydralazine on SHR SJ Thandapilly et al with resveratrol) significantly corrected media-to-lumen ratio in SHR vessels (Po0.05). Vascular compliance is influenced by the fact that transduction of intraluminal pressure to the vessel wall as stress is modulated by the geometry of the artery. Isobaric ET (that is, ET vs. pressure) is determined by two factors-wall component stiffness and vessel geometry. However, when ET is plotted against stress, geometry is mathematically eliminated as a contributor, and therefore provides information regarding solely the stiffness of wall components such as elastin, collagen and smooth muscle cells. Wall component stiffness, presented as the slope of ET vs. stress (Table 3) , was increased in SHR vs. WKY vessels (Po0.01). Here, resveratrol treatment alone attenuated stiffening of wall components of SHR arteries, as did hydralazine and the combination of resveratrol with hydralazine (Po0.01).
Histological analysis
The histological analysis of ventricular tissue showed increased collagen deposition in the area surrounding blood vessels in 28-week-old SHRs compared with its normotensive counterparts, and representative images are shown in Figure 1 . Resveratrol alone or in combination with hydralazine was able to reduce the collagen deposition in the perivascular areas of left ventricular tissue from SHR ( Figure 1 ). However, hydralazine alone did not have any effect on the collagen deposition, which remained extensive (Figure 1 ).
Oxidative stress
Twenty-eight-week-old SHRs had significantly increased levels of plasma TBARS, when compared with their age-matched control rats; treatment with resveratrol alone or in combination with hydralazine significantly reduced elevated TBARS levels in SHR (Figure 2a) .
Inflammatory markers
Serum interleukin-6 levels were increased in SHR when compared with age-matched WKY rats and were significantly reduced upon resveratrol treatment alone but not with hydralazine alone (Figure 2b ). There was a significant increase in the plasma TNF-a Effect of resveratrol/hydralazine on SHR SJ Thandapilly et al level in 28-week-old SHRs when compared with their controls (Figure 2c ). Resveratrol alone, but not hydralazine, significantly decreased the serum TNF-a level in SHR (Figure 2c ). In combination with hydralazine, resveratrol further reduced interleukin-6 but not TNF-a levels in 28-week-old SHR in comparison with resveratroltreated SHR (Figures 2b and c) .
Nitrate þ nitrite levels There was a trend toward decreased levels of NO 3 À þ NO 2 À in SHRs compared with WKY rats and an improvement with resveratrol hydralazine treatments, but it did not reach statistical significance (Supplementary Table 2 ).
DISCUSSION
Although hemodynamic load is a major determinant of cardiac hypertrophy in hypertension, there are blood pressure-independent factors also involved in the pathogenesis and its progression. 24 Accordingly, prevention or regression of cardiac hypertrophy with different pharmacological agents has had an enormous impact on the prognosis in hypertensive patients. 25 In this context, we and others had recently reported the prevention of cardiac hypertrophy and its deleterious consequences on heart function in resveratrol-treated young SHRs. 8, 10 Moreover, the anti-hypertrophic effect observed with resveratrol in these studies was independent of the blood pressure-lowering effects, suggesting a direct action of this polyphenol on the cardiac tissue. This is consistent with our recent in vitro study, 14 where we showed an anti-hypertrophic effect of resveratrol on isolated adult cardiomyocytes exposed to norepinephrine. Earlier studies examined the preventive efficacy of resveratrol in the early stages of hypertension in SHR rather than the reversal of the cardiac abnormalities. In the present study, we focused on whether low-dose resveratrol alone or in a combination with a potent blood pressure-lowering agent can reverse the cardiac impairment due to hypertension after its development. The usage of sub-antihypertensive dose of resveratrol in this study also allowed us to tease out the direct effects of resveratrol on myocardial tissue effects in the absence of blood pressure-lowering effects.
In the current study, we observed that 20-week-old SHR had elevated blood pressure and diastolic dysfunction before the start of the treatment. However at 28 weeks, SHR presented with established hypertension, systolic and diastolic dysfunction without any change in electrical activity. We did not observe a decrease in blood pressure with 8 weeks of resveratrol treatment alone in SHR, but hydralazine treatment alone was able to significantly reduce blood pressure in SHR. However, when resveratrol was administered in conjunction with hydralazine, it enhanced the antihypertensive action of hydralazine by further decreasing it to near-baseline levels.
We previously reported prevention of cardiac dysfunction in SHR rats with resveratrol; 8 in the present study, our data show that 8 weeks of treatment with resveratrol was indeed effective in preventing systolic dysfunction but failed to reverse diastolic dysfunction in 28-week-old SHRs. On the other hand, hydralazine was effective in improving both diastolic and systolic function moderately but significantly. However, resveratrol in combination with hydralazine was able to completely restore both systolic and diastolic dysfunction in SHR.
The increased deposition of collagen is a hallmark of the hypertrophic remodeling process and that can predispose to increased risk of adverse cardiac events. 26 Resveratrol has been reported to inhibit collagen deposition and fibroblast proliferation, two key events in the development of cardiac fibrosis observed in both in vivo and in vitro settings. 27, 28 The reduction in collagen deposition observed in the present study with resveratrol, and resveratrol/hydralazine treatment, but not hydralazine alone, may have contributed to the reduced myocardial stiffness, thereby improving the cardiovascular function in hypertensive rats.
Abnormalities of small arteries are also major contributors to the pathogenesis and maintenance of hypertension. 29 Changes in the structural and functional properties have been also detected in small arteries from the SHR. In this regard, vascular compliance is determined by passive geometry as well as intrinsic stiffness of arterial wall components. 21 Thus, the effects of resveratrol on these parameters were considered. The ET vs. stress plot provides information regarding the stiffness of wall components (that is, connective tissue, elastin and collagen fibers, smooth muscle cells and endothelial cells), which is independent of arterial geometry. 30 We previously reported that, in the context of developing hypertension (that is, 10-20 weeks of age) in the SHR, the beneficial effects of resveratrol lie in correction of vascular geometry. 31 In contrast, we observed here in SHR with established hypertension (that is, 20-30 weeks of age) that resveratrol fails to improve vascular geometry. Instead, resveratrol improved the intrinsic stiffness of the arterial wall. Although we did not measure levels of extracellular matrix proteins such as collagen, these findings in the microvasculature are consistent with alleviation of fibrosis that we observed on the heart.
To understand the mechanism underlying the protective effect of resveratrol/hydralazine treatment in reversing the cardiovascular abnormalities in SHR, we examined the status of inflammation and Effect of resveratrol/hydralazine on SHR SJ Thandapilly et al oxidative stress, two major contributors in the pathogenesis of hypertensive heart disease. 32, 33 It is well established that oxidative stress and inflammation are inextricably linked to form a circuit in the progression of cardiovascular events, and if not blocked, culminates in progressive target organ injury and dysfunction. 34 Moreover, previous studies from our laboratory and others have reported that the cardioprotective effect of resveratrol might be attributable to its antioxidant-enhancing activity and/or antiinflammatory activity. 8, 13, 23 Consistent with these previous reports, we found that resveratrol alone or in combination with hydralazine was able to reduce the oxidative stress and inflammation in hypertensive rats, which was evident from the TBARS, interleukin-6 and TNF-a measurements. On the other hand, hydralazine treatment alone was able to reduce oxidative stress (TBARS) but not inflammation (interleukin and TNF-a) in hypertensive rats. These findings imply that stimulation of an inflammatory response elicited the increased perivascular fibrosis observed in SHR rats. This association (between inflammation and fibrosis) is also consistent with the beneficial effect observed in reversing fibrosis with resveratrol, and not with hydralazine, in SHR. These results are consistent with the previous reports where resveratrol exerted inhibitory effects on central signal transduction pathways and molecules involved with inflammation. These include the arachidonic acid pathway-cyclooxygenase 2 and the activation of the pro-inflmmatory nuclear transcription factor nuclear factor kappa B. 35, 36 Resveratrol can affect immune cell types, including T and B cells and macrophages, by reducing reactive oxygen species production and nitric oxide generation by the latter. Resveratrol can also affect pro-inflammatory responses from fibroblastic cells, by preventing cytokine (interleukin-1b)-induced activation of nuclear factor kappa B, and the PI3 kinase pathway, in part via the action of histone deacetylase Sirt1. 37 In summary, the improvement observed in the cardiac structure and function with low-dose resveratrol/hydralazine combination therapy might be attributed to either a reduction in the oxidative stress-inflammation axis or a reduction in the hemodynamic load, or both.
CONCLUSION
Our data shows that 8 weeks of low-dose resveratrol or hydralazine treatment alone was able to alleviate some of cardiovascular defects in hypertensive rats; however, combination therapy of resveratrol with hydralazine had superior effects in reducing blood pressure, improving cardiac structure and function when compared with resveratrol or hydralazine alone. Together, these data provide evidence that the dietary intake of resveratrol (rather than pharmacological dosage) in combination with existing antihypertensive agents may provide optimal outcome in reversing cardiovascular complications in hypertensive patients.
